Irbesartan, an angiotensin II receptor blocker (ARB), acts as a selective PPAR-c (peroxisome proliferator-activated receptor-c) modulator, and thus may have anti-inflammatory and antioxidative effects, as well as beneficial effects on glucose and lipid metabolism. We enrolled 118 high-risk hypertensive outpatients, defined as those with the presence of at least one complication such as coronary artery disease, cerebrovascular disease or diabetes, and who were receiving any ARB except for irbesartan (67 ± 10 years, 80% male subjects). After a 4-week control period, all ARBs were switched to an equivalent dose of irbesartan. We evaluated changes in lipid parameters, inflammatory markers and derivatives of reactive oxygen metabolites (dROMs) as an oxidative stress index. After 12 weeks of irbesartan, there were significant decreases in triglycerides (138±73 versus 123 ± 65 mg dl À1 , Po0.05), high-sensitivity C-reactive protein (hs-CRP) (2.80 ± 0.53 versus 2.66 ± 0.50, log (ng ml À1 ), Po0.05) and d-ROMs (338 ± 74 versus 305 ± 62 U.CARR, Po0.001). There were significant increases in high-density lipoprotein cholesterol (50±13 versus 52±14 mg dl À1 , Po0.01) and adiponectin (9.4±6.2 versus 16.6±13.4 ng ml À1 , Po0.05). There were no significant changes in systolic and diastolic blood pressure. The change in d-ROMs from baseline to 12 weeks was positively correlated with the change in hs-CRP (R ¼ 0.34, Po0.01). Irbesartan appears to exert beneficial effects on oxidative stress, inflammation, lipid metabolism and metabolic syndrome, indicating that it may be useful in highrisk hypertensive patients.
INTRODUCTION
Angiotensin II type 1 receptor blockers (ARBs), which act by selectively blocking the binding of angiotensin II to the angiotensin II type 1 receptor, are widely used in the treatment of hypertension. [1] [2] [3] These agents have benefits that go beyond blood pressure control, and there is emerging evidence that ARBs have cardiovascular, cerebral and renal protective effects via inhibition of renin-angiotensin activation at the tissue level, an autocrine/paracrine effect. 4, 5 In addition to direct end-organ protection, ARBs have been suggested to improve abnormalities in glucose and lipid metabolism, and metabolic syndrome. 6 ARBs have also been suggested to ameliorate inflammation and oxidative stress, and this may lead to cardiovascular protection because both inflammation and oxidative stress have seminal roles in the pathophysiology of cardiovascular events.
The family of transcription factors termed peroxisome proliferatoractivated receptors (PPARs) has recently been the focus of much interest because of their possible role in the regulation of inflammation, as well as glucose and lipid metabolism. Among various ARBs, irbesartan acts as a partial agonist of PPAR-g, which is similar to telmisartan. 7, 8 In addition to blocking angiotensin II type 1 receptors, telmisartan has been shown to improve insulin resistance and hypertriglyceridemia by its PPAR-g agonist, thereby improving the metabolic syndrome. 6, 7, 9, 10 However, the metabolic effects of irbesartan have not been well investigated. In addition, an experimental study has shown that irbesartan induces cellular expression and activation of antioxidant enzymes, 11 suggesting that irbesartan may be a potential antioxidant. However, the antioxidative effects of irbesartan have not been established, especially in the clinical setting.
We conducted the I-Mets (irbesartan's metabolic, anti-inflammatory and antioxidative properties) study to investigate the clinical effects of irbesartan on metabolic status, inflammation and oxidative stress, and the correlation between these parameters in high-risk hypertensive patients.
METHODS

Study design
For the I-Mets study, we recruited 132 outpatients with high-risk hypertension, defined as those with the presence of at least one complication such as coronary artery disease, cerebrovascular disease or diabetes. All patients were receiving an ARB, but not irbesartan, for over 3 months and had stable blood pressure. We provided an additional 4-week control period to select patients whose blood pressure was well controlled, with systolic blood pressure o135 and diastolic blood pressure o85 mm Hg. After the control period, all patients were switched to irbesartan with a dose that corresponded to that of the former ARB. We assessed blood pressure and heart rate, and performed blood sampling for measurement of lipids, glucose, and inflammatory and oxidative stress markers at the following three time points: at the beginning of the observation period, just prior to starting irbesartan and after 12 weeks of irbesartan. During the 12 weeks of irbesartan treatment, the dose of irbesartan was not changed. Each time blood tests were performed, fasting venous blood was taken from the antecubital vein. Sampled blood was used first for routine blood tests that included lipid profiles and glucose metabolism. The remaining blood was immediately centrifuged at 1500 Â g for 15 min at room temperature, and used for measurement of inflammatory and oxidative stress markers. The serum was frozen and stored at À80 1C until analyzed. The study protocol was approved by the local medical ethics committee, and informed consent was obtained from each patient.
Measurement of blood pressure and heart rate
Measurement of blood pressure was made in duplicate at each clinic visit 24 ± 4 h after the intake of the study medication. Duplicate measurements were separated by an interval of at least 5 min after the patients had rested in the seated position for at least 5 min. Office blood pressures were measured to the nearest 2 mm Hg in the same arm at each visit using a mercury sphygmomanometer with an appropriately sized cuff. Heart rate was measured by pulse palpation for 30 s immediately after the blood pressure measurement.
Lipid profiles and glucose metabolism parameters
For determination of lipid profiles and glucose metabolism parameters, the levels of serum total cholesterol, triglyceride, high-density lipoprotein (HDL)-cholesterol, fasting blood glucose and glycohemoglobin A1c were measured. Total cholesterol and triglyceride levels were determined using enzymatic methods. HDL-cholesterol was measured using the precipitation method. Fasting blood glucose was assayed using the glucose oxidase method. HbA1c was measured by high-performance liquid chromatography and expressed as the value of the National Glycohemoglobin Standardization Program. Lowdensity lipoprotein (LDL)-cholesterol was calculated using the Friedewald formula: (LDL-cholesterol ¼ total cholesterol ÀHDL-cholesterol Àtriglyceride/ 5). Patients with a triglyceride level over 400 mg dl À1 were excluded from the subjects for whom the LDL-cholesterol was calculated.
Measurement of inflammatory markers
In this study, high-sensitivity C reactive protein (hs-CRP) levels were measured by particle-enhanced technology on a Behring BN II nephelometer (Dade Behring Inc, Newark, DE, USA), using monoclonal anti-CRP antibodies and a calibrator that was traceable to World Health Organization (WHO) reference material. 12 We also measured matrix metalloproteinase (MMP)-9, myeloperoxidase and adiponectin using the Luminex micro-beads array system, which was designed as a multiplex assay capable of simultaneously quantitating multiple biomarkers. The assay was conducted according to the manufacturer's instructions (Luminex Corp., Austin, TX, USA), using a commercially available kit (BioSource International, Inc, Camarillo, CA, USA). The reliability, reproducibility and sensitivity of this technology have been established, and are comparable to conventional measurement methods. 13, 14 
Derivatives of reactive oxygen metabolites (d-ROMs) evaluation
Oxidative stress is defined as an imbalance between the production of reactive oxygen metabolites (ROMs), (that is, metabolites of reactive oxygen specimen), and the removal of reactive oxygen specimen by a variety of endogenous and exogenous antioxidants. In this study, we assessed oxidative stress using a simple method for the evaluation of ROMs, the d-ROMs test, which has been developed recently. [15] [16] [17] It is based on the determination of hydroperoxides in blood. Free radical activity is evaluated by measuring hydroperoxide serum levels by the d-ROMs test (Diacron, Grosseto, Italy). The d-ROMs test is a photometric method based on the radical reaction of Fenton, further elaborated in the biochemical field by Haber and Weiss. 18 The test measures the amount of hydroperoxides in serum. Hydroperoxides are strictly correlated with the amount of ROMs and free radicals from which hydroperoxides are derived. In the d-ROMs test, the hydroperoxides in the serum sample react with a chromogenic substrate that produces a colored derivative. The reaction temperature is 37 1C. The colored complex is detected and quantified by a photometer (FREE, Diacron) at a wavelength of 505 nm. The results of the d-ROMs test are expressed in arbitrary units, the so-called Caratelli Units (U.CARR), where 1 U.CARR corresponds to 0.08 mg per 100 ml H 2 O 2 .
Data analysis
The data were collected at the following three time points: the beginning of the control period as baseline, just prior to irbesartan administration and 12 weeks after irbesartan administration. Normality of the distribution of variables was assessed using a Kolmogorov-Smirnov test with Lilliefors' correlation. As the distribution of the hs-CRP values was non-parametric, it was transformed into logarithmic values. Serial changes in the values were assessed by repeated measures analysis of variance. Correlations were assessed using simple linear regression. Values are expressed as the mean±s.d. A P-value o0.05 was considered statistically significant.
RESULTS
Of a total of 132 patients recruited, 14 were eliminated from the study because of discontinuation of irbesartan, treatment at another hospital or other reasons. The data were analyzed for the remaining 118 patients (94 men and 24 women, mean age: 64 years). In these 118 patients, previously prescribed ARBs were candesartan in 33 (28%), losartan in 13 (11%), valsartan in 38 (33%), olmesartan in 11 (9%) and telmisartan in 22 patients (19%). Combined antihypertensive drugs were calcium channel blockers in 70 (59%), b-blockers in 15 (13%), a-blockers in 16 (14%) and thiazide diuretics in 12 (10%). Antidiabetic drugs and statins were prescribed in 31 (26%) and 105 patients (89%), respectively ( Table 1) . None of these drugs were discontinued during the study period. The dose of irbesartan was 50 mg per day in 18 (15%), 100 mg per day in 53 (45%) and 200 mg per day in 47 patients (40%).
Serial changes in the measured parameters are shown in Table 2 . There were no significant changes in systolic blood pressure (123 ± 12 Baseline angiotensin receptor blockers Candesartan; n (%) 33 (28) Losartan; n (%)
13 (11) Valsartan; n (%) 38 (33) Olmesartan; n (%) 11 (9) Telmisartan; n (%) 22 (19) Combined drugs Ca blockers; n (%) 70 (59) b-blockers; n (%) 15 (13) a-blockers; n (%) 16 (14) Thiazide; n (%) 12 (10) Antidiabetic drugs; n (%) 31 (26) Statins; n (%) 105 (89) versus 123±12 mm Hg) or diastolic blood pressure (71±8 versus 70 ± 8 mm Hg) during the 4-week control period. The blood pressure also did not change after 12 weeks of irbesartan (systolic: 123 ± 12 versus 122±12, diastolic: 70±8 versus 70±7 mm Hg). Heart rate also did not change significantly over the three time points (Table 2 ). The levels of LDL-cholesterol, fasting blood glucose and HbA1c did not change significantly during the observation period, including control and irbesartan treatment. Although the levels of HDLcholesterol (49 ± 10 versus 50 ± 13 mg dl À1 ) and triglyceride (140±80 versus 138±73 mg dl À1 ) did not change during the control period, the HDL-cholesterol level increased (50±13 versus 52 ± 14 mg dl À1 , Po0.01) and the triglyceride level decreased (138 ± 73 versus 123 ± 66 mg dl À1 , Po0.05) significantly after 12 weeks of irbesartan. The level of hs-CRP (2.83±0.53 versus 2.80 ± 0.54 log (ng ml À1 )) and adiponectin (9.2 ± 7.3 versus 9.4 ± 6.2 mg ml À1 ) did not change during the control period. However, the hs-CRP level decreased (2.80±0.54 versus 2.66 ± 0.50 log(ng ml À1 ), Po0.05) and the adiponectin level increased (9.4 ± 6.2 versus 16.6 ± 13.4 mg ml À1 , Po0.001) significantly after irbesartan administration. The levels of MMP-9 (1.12±0.74 versus 1.03±0.86 mg ml À1 ) and myeloperoxidase (1.51±0.71 versus 1.50 ± 0.70 IU ml À1 ) did not change significantly during the control period. The levels showed a decreasing trend after irbesartan administration (MMP-9: 1.03±0.86 versus 0.62±0.59 mg ml À1 , P ¼ 0.062, myeloperoxidase: 1.50 ± 0.70 versus 0.51 ± 0.43IU ml À1 , P ¼ 0. When the subgroup of patients that had previously received telmisartan were compared with the patients who received other ARBs, the triglyceride level was lower (132 ± 70 versus 143±83 mg dl À1 , Po0.05) and the adiponectin level was higher (14.6 ± 7.3 versus 6.4 ± 5.2 mg ml À1 , Po0.01), but the levels of HDLcholesterol (52 ± 20 versus 49 ± 12 mg dl À1 ), hs-CRP (2.68 ± 0.49 versus 2.89±0.58 log(ng ml À1 )) and d-ROMs (337±60 versus 340 ± 84 U.CARR) were similar just prior to switching to irbesartan. After 12 weeks of irbesartan in the group that had previously received telmisartan, the levels of triglyceride (128±76 mg dl À1 ), HDLcholesterol (52±16 mg dl À1 ), adiponectin (17.4.±5.8 mg ml À1 ) and hs-CRP (2.64 ± 0.52 log(ng ml À1 )) were not significantly different compared with the levels just prior to irbesartan treatment. However, d-ROMs decreased significantly after 12 weeks of irbesartan treatment (340 ± 84 versus 298 ± 74 U.CARR, Po0.05) (Figure 3) .
DISCUSSION
In the present study, we observed that 12 weeks' irbesartan administration improved lipid metabolism in high-risk hypertensive patients, as demonstrated by an increase in HDL-cholesterol levels and a decrease in triglyceride levels, as well as an increase in adiponectin levels. In addition, we observed that irbesartan treatment also improved oxidative stress, as well as inflammation, as demonstrated by a reduction in d-ROM and hs-CRP levels. The change in d-ROMs correlated with that in hs-CRP, but did not correlate with changes in HDL-cholesterol, triglyceride and adiponectin. The Figure 1 Positive correlation between the change in d-ROMs after irbesartan administration (the value prior to irbesartan administration minus that after 12 weeks of irbesartan administration) and that of hs-CRP (logtransformed).
Irbesartan on inflammatory and oxidative stress I Taguchi et al improvements in lipid metabolism, oxidative stress and inflammation were observed when patients switched from other ARBs to irbesartan, but were not associated with changes in blood pressure. These results suggest that the metabolic, anti-inflammatory and antioxidative effects of irbesartan might be stronger than those of other ARBs, and might be independent of its blood-pressure-lowering effects. 
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Irbesartan is an established ARB that is approved worldwide for the treatment of hypertension. Its renoprotective effects in hypertensive patients with diabetic nephropathy have been established in large clinical trials. 19, 20 However, the cardiovascular protective effects of irbesartan are controversial. Whereas the Irbesartan in Diabetes Nephropathy Trial (IDNT) 20 demonstrated that irbesartan reduced the incidence of heart failure episodes in hypertensive patients with diabetic nephropathy, compared with placebo or amlodipine, the Irbesartan in Heart Failure With Preserved Ejection Fraction (I-PRESERVE) trial 21 showed that irbesartan did not yield cardiovascular benefits compared with placebo in heart failure patients with a preserved ejection fraction. The recent Atrial Fibrillation Clopidogrel Trial with Irbesartan for Prevention of Vascular Event (ACTIVE-I) trial 22 reported that irbesartan was not associated with a reduction in a composite endpoint of cardiovascular death, heart attack or stroke compared with the placebo groups, but there was a 14% reduction in the risk of hospitalization as a result of heart failure in the irbesartan group.
There is substantial clinical evidence that ARBs exert a beneficial effect on glucose and lipid metabolism, and improve the metabolic syndrome. In patients with metabolic syndrome, insulin resistance results in increased triglyceride levels and decreased HDL-cholesterol levels. 23 As angiotensin II impairs insulin signaling, ARBs increase insulin sensitivity, 24 and thus, may decrease triglyceride levels and increase HDL-cholesterol levels. Furthermore, it is well known that ARBs increase plasma adiponectin levels as a class effect. 25, 26 In addition, certain ARBs, such as irbesartan and telmisartan, have been identified as partial PPAR-g agonists. 6, 27, 28 It is well known that PPAR-g has an important role in regulating glucose and lipid metabolism, and that ligands for PPAR-g can improve insulin sensitivity, resulting in reduced triglyceride levels and increased HDL-cholesterol levels. [29] [30] [31] PPAR-g agonism also increases plasma adiponectin levels. 32 Therefore, ARBs that activate PPAR-g should improve insulin resistance, reduce triglyceride levels, and increase HDL-cholesterol and adiponectin levels more than ARBs that lack-PPAR-g agonist activity.
Angiotensin II is involved in key events of the inflammatory process and oxidative stress in cardiovascular disease. Angiotensin II initiates the inflammatory cascade of NADH/NADPH oxidase, reactive oxygen specimen and an inflammatory nuclear transcription factor, nuclear factor-kB. 33 In addition, adiponectin is also closely related to the inflammatory process, and thus ARBs, especially PPARg-activating ARBs, may inhibit the inflammatory reaction. 34 Irbesartan has been shown to increase the intracellular expression and activation of antioxidant enzymes such as Cu/Zn/Mn superoxide dismutase, catalase and glutathion peroxidase in skin fibroblasts of early diabetic angiopathy patients, 11 suggesting that irbesartan acts as an antioxidant. In this study, we observed antioxidative effects of irbesartan as demonstrated by decreased levels of d-ROMs, a novel global oxidative stress marker that is easy to measure. Our study is the first to show decreased oxidative stress after the treatment of hypertensive patients with irbesartan. In addition, we found that the reduction of d-ROM levels after irbesartan administration was positively correlated with the reduction in hs-CRP levels but not with changes in HDL-cholesterol, triglyceride or adiponectin levels. These results suggest that the antioxidative effect of irbesartan might be associated with its anti-inflammatory properties, but independent of its metabolic effects. The usual starting dosage of irbesartan is 100 mg per day, and in Japan that dose can be titrated up to 200 mg per day if necessary, although the usual dosage is 150-300 mg per day in the Western countries. In our study, the lower dose of 50 mg per day was administered to 18% of patients. The decrease in d-ROM levels after switching to irbesartan was similar in the subgroups that were treated with 50, 100 and 200 mg per day, suggesting that the antioxidative effect of irbesartan is dose-independent.
Telmisartan is another representative ARB that activates PPAR-g, and there are several studies that show that telmisartan improves glucose and lipid metabolism, insulin resistance and metabolic syndrome. 35 However, there are few reports comparing irbesartan with telmisartan, and our study provides the first evidence that irbesartan increases adiponectin levels. In our subgroup analysis, where the patients who received telmisartan prior to the initiation of irbesartan were compared with those who received other ARBs, the triglyceride levels were lower and the adiponectin levels were higher just prior to switching to irbesartan. In the telmisartan subgroup, the levels of HDL-cholesterol, triglyceride and adiponectin did not change after 12 weeks of irbesartan treatment. These results suggest that the metabolic effects of irbesartan might be equivalent to those of telmisartan. However, d-ROMs still decreased after irbesartan in those patients who received telmisartan prior to irbesartan. This finding suggests that irbesartan has a stronger antioxidative effect than telmisartan.
In our study, we simultaneously assessed MMP-9 and myeloperoxidase as inflammatory markers. MMP-9, a proteolytic enzyme released from inflammatory cells, is considered to have a pathogenic role in the development of atherosclerotic plaques. Myeloperoxidase, which produces reactive oxygen specimen during the respiratory burst of activated neutrophils, is thought to have a role in inflammatory as well as oxidative processes in cardiovascular disease. In our study, these inflammatory markers did not show statistically significant changes but a decreasing trend after irbesartan treatment. These results might also indicate the anti-inflammatory and antioxidative effects of irbesartan.
Study limitations
This study has several potential limitations. First, this study was prospective, but there was only a single treatment arm to evaluate the effects of irbesartan. We could not directly compare the effects of irbesartan with those of other ARBs or with a control group as the patients were not randomized. However, we provided a 4-week control period to select patients whose blood pressure was well controlled by other ARBs. Consequently, all of the measured parameters, including the values of triglyceride, HDL-cholesterol, adiponectin, hs-CRP and d-ROMs, did not change during the control period. Therefore, we believe the changes in these biomarkers after switching to irbesartan provide evidence for the cardiovascular protective effects of irbesartan. Second, although our data suggest that irbesartan has metabolic, anti-inflammatory and antioxidative effects, we were not able to determine the specific mechanisms responsible for these effects (that is, angiotensin receptor blockade, PPAR-g agonism, both or other unknown mechanisms). Additional information from future experimental studies, as well as clinical studies, is needed to address these mechanisms. Finally, we do not know whether the metabolic, anti-inflammatory and antioxidative effects of irbesartan, as demonstrated in this study, could reduce cardiovascular mortality and morbidity in patients with high-risk hypertension. Large-scale randomized clinical trials with long-term outcomes are required to address this issue.
CONCLUSIONS
Irbesartan exhibits beneficial effects on both oxidative stress and inflammation, as well as beneficial effects on lipid metabolism and metabolic syndrome. These findings suggest that irbesartan might be more useful than other ARBs in high-risk patients with hypertension.
